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MnO/C  core-shell  nanorods  were  synthesized  by  an  in  situ  reduction  method  using  Mn02  nanowires  as 
precursor  and  block  copolymer  FI  27  as  carbon  source.  Field  emission  scanning  electron  microscopy  and 
transmission  electron  microscopy  analysis  indicated  that  a  thin  carbon  layer  was  coated  on  the  surfaces 
of  the  individual  MnO  nanorods.  The  electrochemical  properties  were  evaluated  by  cyclic  voltammetry 
and  galvanostatic  charge-discharge  techniques.  The  as-prepared  MnO /C  core-shell  nanorods  exhibit  a 
higher  specific  capacity  than  MnO  microparticles  as  anode  material  for  lithium  ion  batteries. 
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1.  Introduction 

Since  the  first  report  by  Poizot  et  al.,  transition  metal  oxides 
have  attracted  great  attention  as  anode  materials  for  lithium  ion 
batteries,  due  to  their  high  theoretical  capacity,  safety,  low  cost, 
and  natural  abundance  [1-4].  The  mechanism  for  reversible  lithium 
storage  is  different  from  the  insertion/extraction  mechanism  in 
graphite.  It  involves  the  reduction  and  oxidation  of  metal  nanopar¬ 
ticles,  accompanying  the  formation  and  decomposition  of  Li20, 
i.e.  MnO*  +  2xLi+ +  e- ^  M  +  xLi20.  However,  there  are  still  many 
challenges  in  using  them  as  anode  materials  for  lithium  ion  bat¬ 
teries.  One  of  them  is  the  poor  cycling  performance,  resulting  from 
large  volume  expansion  during  the  charge-discharge  process  due 
to  the  generation  of  Li20.  Another  obstacle  is  their  poor  electronic 
conductivity,  which  limits  their  power  performance.  It  has  been 
demonstrated  that  electrode  materials  with  deliberately  designed 
nanostructure  can  partly  accommodate  the  strains  of  Li+  interca¬ 
lation  and  de-intercalation,  and  the  cycling  performance  can  be 
improved  [5].  Furthermore,  coating  these  semiconducting  mate¬ 
rials  with  carbon  or  conductive  polymer  can  significantly  enhance 
the  electronic  conductivity  of  the  electrode  materials,  which  results 
in  improved  rate  performance  [6-8]. 
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An  appropriate  anode  material  should  exhibit  low  voltage  vs. 
Li+/Li  during  charge-discharge  in  order  to  deliver  higher  energy 
density.  MnO  shows  relatively  low  electromotive  force  (emf)  value 
(1.032  V  vs.  Li+/Li)  and  high  density  (5.43  gem-3)  [9,10].  However, 
this  kind  of  material  has  seldom  been  reported  as  an  anode  mate¬ 
rial.  Recently,  Li’s  group  has  reported  nanocrystalline  MnO  thin 
film,  and  MnO  powder  as  anode  has  shown  low  overpotential 
and  good  cycling  performance  [11,12].  Liu  et  al.  also  synthesised 
MnO/C  nanocomposite  by  thermal  decomposition  of  manganese 
benzoate  precursor  at  500 °C  under  air  atmosphere  [13].  In  this 
paper,  we  report  the  synthesis  of  MnO/C  core-shell  nanorod  elec¬ 
trode  material  and  investigate  its  electrochemical  performance 
as  anode  material  for  lithium  ion  batteries.  The  prepared  MnO/C 
core-shell  nanorods  showed  much  higher  specific  capacity  than 
that  of  MnO  microparticles  and  Mn02  nanowires  as  anode  material 
of  lithium  ion  battery. 

2.  Experiment 

MnO/C  core-shell  nanorods  were  synthesized  by  the  reduction 
of  carbon  precursor  coated  Mn02  nanowires.  The  Mn02  nanowires 
were  synthesized  by  a  typical  hydrothermal  reaction  according 
to  previously  reported  procedures  [14].  0.7  mmol  KMn04  and 
0.7  mmol  NH4C1  were  dissolved  in  35  ml  distilled  water  to  form 
a  transparent  solution  under  stirring.  The  solution  was  sealed 
in  a  Teflon-lined  stainless  steel  autoclave  and  kept  at  140  °C  for 
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24  h.  After  cooling  down  to  room  temperature,  the  precipitate 
was  collected  by  filtration  and  rinsed  with  distilled  water  and 
absolute  alcohol  several  times,  and  then  dried  in  vacuum  oven 
at  60  °C  overnight.  Non-ionic  block  co-polymer  poly  (ethylene 
oxide )-h/oc/c-poly  (propylene  oxide)-h/oc/c-poly  (ethylene  oxide) 
(EO106PO70EO106)  Pluronic®F127  (Sigma-Aldrich)  was  used  as  the 
carbon  precursor  for  carbon  coating  in  this  work.  29  mg  FI  27  was 
first  dissolved  in  1 0  ml  ethanol  to  form  a  transparent  solution.  Then, 
56  mg  Mn02  nanowires  were  added  to  the  solution  and  ultrason- 
icated  for  30  min  in  a  sealed  bottle.  After  drying  under  stirring  at 
room  temperature,  the  product  was  ground  into  powder  and  sin¬ 
tered  at  500  °C  for  5  h  in  flowing  Ar  containing  5  vol.%  H2. 

The  crystal  structure  of  the  as-prepared  materials  was  char¬ 
acterized  by  X-ray  diffraction  (XRD,  GBC  MMA)  using  Cu  Ka 
radiation,  with  20  ranging  from  10°  to  80°.  Field  emission  scan¬ 
ning  electron  microscopy  (FESEM,  JEOL  7500)  and  transmission 
electron  microscopy  (TEM,  JEOL  2011)  were  used  to  investigate 
the  morphology  of  the  as-prepared  materials.  The  electrochem¬ 
ical  experiments  were  performing  using  2032  coin-type  cells 
assembled  in  an  argon-filled  glove  box.  The  working  electrodes 
were  fabricated  by  using  a  mixed  slurry  of  active  materials 
(70wt%),  acetylene  black  (20wt%),  and  polyvinylidene  fluoride 
(PVDF  10wt%)  in  N-methyl-2-pyrrolidone  (NMP).  The  slurry  was 
spread  onto  the  Cu  foil  with  a  doctor  blade  and  dried  at  120°C 
overnight  under  vacuum.  The  electrode  area  is  1  cm2  and  the  load¬ 
ing  of  active  material  is  1.0-1. 2  mg  cm-2.  The  electrolyte  consisted 
of  a  solution  of  1  M  LiPF6  in  ethylene  carbonate  (EC)  and  dimethyl 
carbonate  (DMC)  with  a  weight  ratio  of  1 :1  (Zhangjiagang  Guotai- 
huarong  Ltd.,  H20  <  20  ppm).  Pure  lithium  foil  was  used  as  counter 
and  reference  electrode.  Cyclic  voltammetry  (CV)  measurement  of 
the  cells  were  carried  out  using  a  CHI660C  electrochemical  work¬ 
station.  Charge-discharge  testing  was  performed  in  the  range  of 
0.01-3.0  V  on  a  computer-controlled  Land  Battery  Testing  system. 
The  specific  capacity  was  calculated  based  on  the  weight  of  the 
MnO/C  composite. 

3.  Results  and  discussion 

The  MnO/C  core-shell  nanorods  were  prepared  by  in  situ  reduc¬ 
tion  of  Mn02  nanowires  with  carbon  coating.  In  the  first  step,  Mn02 
nanowires  were  synthesized  by  hydrothermal  reaction.  The  crys¬ 
tal  structure  of  the  as-prepared  Mn02  nanowires  was  confirmed 
by  XRD  (Fig.  1).  All  the  diffraction  peaks  can  be  indexed  to  the 
body-centered  tetragonal  a-Mn02  phase  (JCPDS  44-0141).  In  the 
second  step,  MnO/C  core-shell  nanorods  were  obtained  through 


Fig.  1.  X-ray  diffraction  patterns  of  the  as-prepared  MnO/C  core-shell  nanorods  and 
Mn02  nanowires. 


Fig.  2.  FESEM  images  of  (a)  Mn02  nanowires  (b)  MnO/C  core-shell  nanorods. 

sintering  the  carbon  precursor  coated  Mn02  nanowires  in  flowing 
Ar  containing  5  vol.%  H2.  As  shown  in  Fig.  1,  the  crystal  structure  of 
MnO/C  core-shell  nanorods  can  be  indexed  to  the  face-centered 
cubic  phase  of  MnO  (JCPDS  07-0230).  The  broad,  low  intensity 
diffraction  peak  in  the  range  of  20-30°  is  likely  associated  with 
the  presence  of  amorphous  carbon,  which  is  originated  from  the 
decomposition  of  the  copolymer  surfactant. 

The  morphologies  of  the  as-prepared  materials  were  observed 
by  FESEM  and  shown  in  Fig.  2.  The  as-prepared  Mn02  shows 
nanowire  structure  with  diameters  ranging  from  20-50  nm 
(Fig.  2(a)).  After  reducing  to  MnO  during  the  sintering  process, 
the  nanowire  structures  fractured  into  nanorods  (Fig.  2(b)).  There 
is  no  significant  change  in  diameter.  More  structural  details  of 
the  MnO/C  nanorods  were  further  analyzed  by  TEM,  high  resolu¬ 
tion  TEM  (HRTEM)  and  selected  area  electron  diffraction  (SAED). 
Low  magnification  TEM  images  are  shown  in  Fig.  3(a)  and  (b).  The 
nanorods  show  polycrystalline  feature  and  are  agglomerated  into 
bundles  with  a  length  extending  to  a  few  hundred  nanometers.  The 
fracturing  of  the  nanowire  structure  into  nanorods  may  be  caused 
by  the  reduction  from  Mn02  to  MnO.  An  individual  nanorod  con¬ 
sists  of  nanoparticles  with  diameters  from  20  nm  to  30  nm.  The 
corresponding  SAED  pattern  is  shown  as  the  inset  in  Fig.  3(b).  All 
the  diffraction  rings  can  be  indexed  to  the  face-centered  cubic  Fm- 
3m  crystal  structure.  A  HRTEM  image  is  presented  in  Fig.  3(c).  In  the 
region  A,  we  can  clearly  observe  that  the  image  is  in  focus  on  the 
surface  of  the  MnO  crystal,  and  the  lattice  can  be  clearly  resolved 
with  a  d-spacing  of  0.255  nm  for  the  (111)  planes.  However,  in  the 
region  B  at  the  same  level,  the  image  is  focused  on  the  carbon  layer, 
which  presents  numerous  black  spots,  indicating  that  the  surface 
of  the  nanorod  is  covered  with  a  thin  layer  of  amorphous  carbon. 
On  the  edge  of  the  nanorod,  a  thin  carbon  layer  with  a  thickness  of 
1-2  nm  is  clearly  visible. 

The  electrochemical  behavior  of  the  prepared  MnO/C  nanorods 
was  initially  characterized  by  cyclic  voltammetry  (CV),  as  shown 
in  Fig.  4.  In  the  negative  scan  process,  two  small  peaks  appeared 
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Fig.  3.  (a  and  b)  TEM  images  of  MnO/C  core-shell  nanorods,  with  the  inset  in  (b) 
showing  the  corresponding  SAED  pattern,  and  (c)  HRTEM  image  of  MnO/C  core-shell 
nanorods. 


at  1.86  V  and  1.53  V,  and  disappeared  in  the  subsequent  cycles. 
These  reduction  peaks  may  correspond  to  the  reduction  of  Mn3+ 
or  Mn4+  to  Mn2+,  which  could  be  originated  from  trace  MnOi+x 
impurity  from  the  incomplete  reduction  of  Mn02  in  the  sintering 
process.  The  main  cathodic  peak  is  close  to  0.1  V,  corresponding  to 
the  complete  reduction  of  Mn2+  to  Mn°  and  the  formation  of  a  solid 
electrolyte  interphase  (SEI)  layer  with  a  reversible  polymer/gel  like 
film  [15,16].  From  the  second  cycle,  the  reduction  current  peaks 
shift  to  0.3  V,  indicating  an  irreversible  phase  transformation  due 
to  the  formation  of  Li20  and  metallic  manganese.  In  the  anodic 
polarization  process,  one  main  peak  appeared  at  around  1.3  V,  and 
a  weak  peak  was  recorded  at  2.1  V,  corresponding  to  the  oxidation 
of  Mn°  to  Mn2+  and  the  decomposition  of  the  polymer/gel  layer  at 
high  oxidation  potential  above  2.0  V  [15].  After  the  second  cycle, 
the  CV  curves  become  stable  and  overlap. 


Fig.  4.  Cyclic  voltammetry  (CV)  curves  of  MnO/C  core-shell  nanorod  electrode. 
Scanning  rate:  0.2  mV  s_1  in  the  range  of  0.01-3.0  V. 


The  electrochemical  performances  were  further  investigated  by 
charge-discharge  measurements  with  cycling  at  a  current  density 
of  200  mAg-1  between  0.01  and  3.0  V  at  ambient  temperature.  In 
the  first  discharge  curve  of  MnO/C  core-shell  nanorods  shown  in 
Fig.  5(a),  the  voltage  dropped  quickly  to  a  plateau  about  0.28  V, 
and  then  decreased  slowly  to  0.01  V,  associated  with  the  complete 
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Fig.  5.  Voltage  profiles  of  the  electrode  made  of  as-prepared  (a)  MnO/C  core-shell 
nanorods,  and  (b)  Mn02  nanowires.  Current  density:  200  mAg-1. 
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Fig.  6.  Cycling  performance  of  Mn02  nanowire  and  MnO/C  core-shell  nanorod  elec¬ 
trodes  at  discharge  and  charge  current  rate  of  200  mAg-1 . 

reduction  of  Mn2+  to  Mn°.  For  the  initial  charge  curve,  the  elec¬ 
trode  shows  a  slope  in  the  voltage  range  between  1.0  and  1.5  V, 
related  to  the  oxidation  of  Mn°  to  Mn2+.  The  voltage  plateau  for 
this  reaction  should  be  at  the  emf  value  of  1.032  V  vs.  Li+/Li  at 
298  K  for  perfect  bulk  materials  [9,10].  The  difference  in  the  plateau 
position  is  considered  to  be  caused  by  the  cathodic  overpoten¬ 
tial,  which  has  already  been  studied  by  Zhong  et  al.  using  the 
galvanostatic  intermittent  titration  technique  (GITT)  [12].  The  volt¬ 
age  profiles  of  Mn02  nanowires  are  similar  to  MnO/C  core-shell 
nanorods  except  for  the  position  of  the  charge-discharge  plateau 
(Fig.  5(b)).  The  initial  discharge  capacities  of  the  MnO/C  nanorods 
and  Mn02  nanowires  are  1 090  mAh  g-1  and  1319  mAh  g-1 ,  respec¬ 
tively,  which  are  larger  than  their  theoretical  capacities.  The 
theoretical  capacity  for  Mn02  is  1232  mAhg-1  and  MnO  has  a  the¬ 
oretical  capacity  of  755  mAh  g-1.  The  exceeding  capacities  could 
be  ascribed  to  the  decomposition  of  the  electrolyte  at  low  voltage 
(generally  below  0.8  V  vs  Li+/Li)  to  form  a  solid  electrolyte  inter¬ 
phase  (SEI)  layer  and  further  lithium  storage  via  interfacial  charging 
at  metal/Li20  interface  [17].  As  shown  in  Fig.  5  (a),  the  discharge 
plateau  of  MnO/C  nanorod  electrode  has  shifted  to  about  0.5  V  from 
the  second  cycle,  indicating  the  irreversible  formation  of  crystalline 
metal  nanoparticles  and  amorphous  Li20  matrix.  The  long  cycling 
performance  results  of  MnO/C  nanorod  and  Mn02  nanowires  elec¬ 
trodes  are  shown  in  Fig.  6.  The  MnO/C  core-shell  nanorod  electrode 
exhibited  higher  capacity  than  that  of  Mn02  nanowire  electrode 
after  40  cycles.  The  good  electrochemical  performance  of  MnO/C 
core-shell  nanorods  is  a  result  of  the  combined  advantages  of  the 
nanorod  structure  and  the  porous  carbon  coating  layer.  Nanosize 
materials  with  large  surface  area  can  provide  more  active  sites  for 
Li+  intercalation/de-intercalation  and  shorten  the  diffusion  length 
for  lithium  ions  in  the  solid  phase.  The  nanoporous  carbon  coating 


layer  with  mesopores  can  form  a  mixed  conducting  3D  network 
that  facilitates  the  migration  of  both  the  Li+  and  the  e_,  so  that  they 
reach  each  surface  of  the  MnO  nanorods  [18]. 

4.  Conclusions 

Using  block  copolymer  FI  27  as  the  carbon  source,  MnO/C 
core-shell  nanorods  were  successfully  prepared  from  Mn02 
nanowires  by  calcination  in  a  gas  flow  of  5  vol.%  FI2  in  Ar.  The  XRD 
pattern  shows  that  the  product  has  a  face-centered  cubic  phase 
structure.  FESEM  and  TEM  images  show  that  a  thin  carbon  layer  was 
coated  on  the  surfaces  of  the  MnO  nanorods.  The  MnO/C  core-shell 
nanorod  electrodes  delivered  a  higher  specific  discharge  capacity 
than  Mn02  nanowires  after  40  cycles.  However,  MnO/C  core-shell 
nanorods,  despite  having  improved  specific  capacity  relative  to 
graphite,  have  comparably  low  cyclability  relative  to  graphite.  Fur¬ 
ther  improvements  are  required  for  potential  application  as  an 
alternative  anode  material  in  lithium  ion  batteries. 
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